Abstract Part I of this paper has reported the results of the experimental tests and discussed the influence of mineral additives on the hydration heat evolution. The purpose of the Part II of the paper is to study the validity of the equivalent age approach and determine the apparent activation energy of low clinker cements with mineral additives. The concept of the equivalent age method and Arrhenius formulation for the temperature sensitivity of the hydration reaction is briefly presented. The evolution of the apparent activation energy as well as its single values is determined on the basis of the tests results presented in Part I of the paper. The low clinker cements with 30, 50 and 70 % substitution ratio by ground granulated blast furnace slag or siliceous fly ash were studied. Finally, the results of semi-adiabatic and isothermal tests at different temperatures were compared to assess the validity of the equivalent age method with determined and recommended values of activation energy in relation to low clinker cements with mineral additives.
Introduction
As it was described in Part I of this paper, the heat released in concrete during its hardening process produces various thermomechanical effects. Thus, the knowledge of the temperature sensitivity of the hydration process is crucial in many engineering tasks as accurate prediction of thermal gradients in massive concrete structures or assessment of early-age strength of concrete, which is influenced by curing temperature. For example, in modeling of exothermic temperature rise in massive concrete structures, the isothermal tests at 20°C are basically considered and they must be recalculated due to the developing temperature in each step of calculation [1] [2] [3] [4] . The most common method applied for this purpose is an equivalent age approach, which is usually referred to Arrhenius concept. When the dependence of the Arrhenius rate concept is used, the temperature sensitivity of cementitious materials is described by the apparent activation energy and its value is required. The activation energy can be determined by mechanical and calorimetric means. In mechanical means, the measurement is usually based on the development of compressive strength at different temperatures. It should be also noted that many proposals [5] [6] [7] [8] [9] for the activation energy formulation were determined from strength tests and that they were developed for the prediction of the early-age concrete strength. Nevertheless, many authors also recommended it for the prediction of the hydration development at temperatures other than the reference temperature. Different approaches in this field are proposed by authors [10] [11] [12] [13] [14] [15] [16] , who derived this formulation on the basis of hydration heat development. Moreover, it is suggested that the activation energy determined from strength tests should not be used for predicting of hydration development. Poole et al. [14] also comment that isothermal calorimetry seems to be a better method to quantify the activation energy than the method based on the strength development. Nevertheless, the comparison of these two methods reported in [17] gives very similar values of the apparent activation energy.
There is also disagreement in this field how to compute the activation energy from the isothermal tests. Such methods as a single linear approximation method, an incremental method and method of ''rates'' are described and summarized in [14, 17] .
With respect to the factors influencing the activation energy value, experimental tests performed in this field showed that the activation energy is temperature-dependent and it is a function of the cement type and composition [13, 18] . The effect of a change in the water-cement ratio is unclear, because some authors have indicated that the activation energy is a function of the water-cement ratio, but it has been also shown that it does not have a consistent effect on the activation energy [13, 18] .
The purpose of the Part II of the paper is to study the validity of the equivalent age approach and determine the apparent activation energy of low clinker cements with mineral additives. The results of isothermal tests at 20 and 50°C have been the basis for the determination of the apparent activation energy. The method described as a ''rate'' method is applied. The calculation has been made for low clinker cements with 30, 50 and 70 % substitution rate by ground granulated blast furnace slag or siliceous fly ash. Finally, the results of semi-adiabatic and isothermal tests at different temperatures were compared to assess the validity of the equivalent age method. In this comparative analysis, the determined single value of the apparent activation energy and recommended values of activation energy have been compared.
Theoretical background
As it has been mentioned in Part I of the paper, the hydration heat evolution determined in semi-adiabatic tests does not result in the same shape of the heat evolved versus time as it determined with the use of isothermal tests. It is because the retained heat causes the hydration to accelerate and the heat evolves at a much faster rate than in an isothermal test. The combined effect of temperature and time on the hydration heat development can be accounted with the use of equivalent age approach. In this approach, the curing time intervals at known temperatures are converted to equivalent time intervals at a selected reference temperature. Thus, the equivalent age represents the age at the reference curing temperature that would result in the same heat as would result from curing at other temperature. The reference temperature in European practice is generally taken as 20°C. As explained by Carino [19] , the equivalent age may be defined as follows
where f(T) can be called as a temperature function or as an affinity ratio [17] , and it converts a curing time interval at any temperature to an equivalent time interval at the reference temperature. The temperature function f(T) is defined as the quotient of the specific rate of reaction k T at the given temperature T and the specific rate of reaction k T o at the reference temperature T o :
The specific rate of reaction k T can be defined as:
• a linear function of temperature proposed by Saul [20] 
where b and T 1 are the coefficients.
• a function based on the Arrhenius equation [5] :
where A is the parameter that is independent or varies little with temperature, E K is the activation energy (J mol -1 ), and R is the universal gas constant equal to 8.314 J mol
• an exponential function [21] 
where C and B are the coefficients.
Therefore, the temperature function f(T) can be expressed in the following way:
Þ on the basis of Eq: 3 ð Þ ð6Þ
Þ on the basis of Eq: 4 ð Þ ð7Þ
Þ on the basis of Eq: 5 ð Þ:
The linear function of temperature (Eq. 3) originally proposed by Saul with Bergstrom's suggestion [6, 22, 23] for
C is often used because of its simplicity. However, it is known that this function describes correctly the effect of elevated temperatures only in the range of 5°t o 30°C [6, 22, 23] . Such limitations do not pose the function of temperature based on the Arrhenius formulation (Eq. 4). There are also other proposals for the temperature function f(T), which were basically derived on the basis of experimental tests [18] :
In the Arrhenius equivalent age function, the activation energy that defines the temperature sensitivity of the hydration reaction has to be determined. One of the most commonly used definitions in Europe was proposed by Freiesleben Hansen and Pedersen [5] . This relationship is a function of the concrete temperature only:
The similar formulation to the Freiesleben Hansen and Pedersen definition was proposed by Jonasson et al. [7] :
The RILEM recommendations [6, 8] also define the activation energy as the function of temperature for Portland cement:
For slag cements, the constant value E K ¼ 48; 804 J mol À1 is recommended for whole range of temperature [6, 8] . The above proposals define the activation energy irrespective of the cement type and mineral additions as fly ash, slag or silica fume. The activation energy formulation including such variables as cement composition, type and quantity of mineral additions and cement fineness but independent of curing temperature was developed by Schindler [13] : where d C 3 A is the mass ratio of C 3 A in terms of the total cement content; d C 4 AF is the mass ratio of C 4 AF in terms of the total cement content; Blaine is the specific surface of cement (m 2 kg -1 ) and f E is defined as follows:
where
FACaO are the mass ratio of fly ash, slag and CaO content of fly ash. Figure 1 is a graphical comparison of different recommendations for the activation energy and the temperature function, which have been presented in Eqs. (6)- (14) . The activation energy (Fig. 1a) calculated on the basis of the Schindler's approach is presented for the tested cements with different amounts of slag and fly ash. The temperature function with a reference temperature of 20°C, computed on the basis of the Arrhenius function, and different activation energy values are plotted in Fig. 1b . For comparison, the proposal given in Eq. (9) which is independent of activation energy is also plotted.
Several observations can be made from Fig. 1 . Very low values of the activation energy have been obtained from the Schindler's approach for the cements with fly ash. The RILEM recommendations [6, 8] for Portland cement and the Freiesleben Hansen and Pedersen definition [5] give basically the same value of the activation energy. The nonlinear dependence of activation energy on temperature is visible in the proposal given by Jonasson et al. [7] . Obviously, the temperature function is equal to unity at the reference temperature of 20°C regardless of the activation energy value and the method of its formulation. For the temperature lower than 20°C, all examined proposals result in the similar values of the temperature function, while for temperature greater than 40°C, discrepancies between the proposed temperature functions are significant. It can be also noticed that in the temperature range 0-60°C the proposals given by Freiesleben Hansen and Pedersen [5] , Jonasson [7] and Chengju [18] give essentially the same values. Analyzing the Schindler's proposal [13] , very high dependence of temperature function on the cement composition is visible. Heat of hydration of low clinker cements 1363
Determination of the apparent activation energy
The ''rate'' method, described in [24, 25] , has been used for the determination of the apparent activation energy. This method is similar to the procedure contained in ASTM C 1074 reported in [14] and concluded as relatively easy method as well as a best compromise between accuracy and practicality. For the known two curing temperatures, the apparent activation energy E k can be calculated for each quantity of the released hydration heat Q i as [25] :
where q 1 (Q i ) and q 2 (Q i ) are heat evolution rates at two temperatures T 1 and T 2 recorded for the same amount of evolved heat Q i . As a result, the evolution of the apparent activation energy in the function of heat evolved is obtained. The results of isothermal tests at 20 and 50°C reported in Part I of the paper have been used for the determination of the apparent activation energy evolution. Figure 2 shows the results for the tested low clinker cement with ground granulated blast furnace slag (Fig. 2a) and siliceous fly ash (Fig. 2b) . In both figures, the curves obtained for the ordinary Portland cement CEM I 42.5R are also plotted. In case of ordinary Portland cement, the values of apparent activation energy remain relatively constant in the range of heat between 40 and 140 J g -1 . In case of 30 % clinker replacement by slag or fly ash, the apparent activation energy curves are not as stable as in case of Portland cement, but it can be also regarded as almost stable in range 40 and 120 J g -1 . There is no significant difference for the apparent activation energy between the binder with 30 % of slag and Portland cement as well. In case of cements containing 50 and 70 % of slag or fly ash, the results plotted in Fig. 2 show that the apparent activation energy strongly depends on the hydration heat released and thus on the degree of the chemical reaction. When 50 and 70 % mass of cement are replaced by slag, short stable period is observed in the range of hydration heat 20-80 J g -1 (50 % of slag) and 20-50 J g -1 (70 % of slag). Next, the apparent activation energy rises to the maximum value and then decreases, but the differences in the values are not very big. For 50 and 70 % fly ash content in the binder, there is no stable period and in the whole range of heat released the decreasing trend is visible. Thus, the high amount of fly ash in the binder substantially influences the activation energy behavior while in slag cement regardless of the clinker replacement rate E k evolution can be regarded as almost stable. In application of the equivalent age approach to the prediction of heat development in concrete structures curing at different temperatures, the single value of the apparent activation energy is convenient. Table 1 shows the mean values of the activation energy obtained in the stable region of the evolved heat Q i for almost all tested binders. In case of 50 and 70 % fly ash content in the binder, the values with the best fit to the experimental results have been found due to lack of stability period. Additionally, the values of the activation energy corresponding to the peak values of the heat evolution rate at 50°C are specified. It can be noticed that in most cases these peak values are quite close to the mean values, curiously except for ordinary Portland cement and utterly intelligible for 70 % fly ash content in the binder.
Once E k has been calculated as a mean or a peak value, it can be used to predict the heat evolution rate with the use of converted form of Eq. (15) . The predicted rate of the heat evolution has been compared with the measured rate to evaluate the accuracy of the determined constant values of the apparent activation energy for all tested materials. The results for ordinary Portland cement are shown in Fig. 3 and in Fig. 4a -c for binders containing slag. Figure 5 compares the measured and calculated heat evolution rate for binders with 30, 50 and 70 % of clinker replacement by fly ash. In case of high amount of fly ash (50 and 70 %) in the binder the calculated heat evolution rates reach the same peak values but the graphs are distinctly shifted. It should be pointed out that this is the best possible fit of the measured and calculated rate evolution when the single value of the activation energy is assumed. In this case, the better compliance of measured and calculated heat evolution rate is obtained for the activation energy expressed as a function of the evolved heat Q i : • for the 50 % of clinker replacement by fly ash
• for the 70 % of clinker replacement by fly ash
Comparison of heat evolution tests results with the use of the equivalent age approach • The results of semi-adiabatic tests converted with the use of the equivalent age calculated on the basis of Arrhenius concept and the activation energy values proposed by Freiesleben Hansen and Pedersen [5] and Jonasson [7] fit well to the results of isothermal tests at 20°C, despite the high content of mineral additions in cements. Similarly, good agreement is visible for Chengju's proposal [18] , which skips the activation energy. When considering the Schindler's proposal for the activation energy, it can be noticed that for slag cement it gives good agreement but for cement with high amount of fly ash the activation energy is underestimated.
• The results of isothermal at 50°C converted with the same methods as in case of semi-adiabatic tests showed quite good agreement for cement with slag; only for 70 % substitution rate of cement by ground granulated blast furnace slag, the compliance is worse in case of the Schindler's proposal for the activation energy. For cement with fly ash, the large discrepancy in curves of heat evolution is visible, especially for cement with 50 % content of fly ash. Interestingly, in case of the greater fly ash content in cement (70 %) the compatibility is better, except the Schindler approach.
• It is also interesting that in all cases there are no very substantial differences in calculated hydration heat evolution with the use of equivalent age concept despite the diversified values of activation energy assumed in the equivalent age concept. This would mean that the equivalent age concept is sensitive primarily to the temperature variations. At the same time, the best compliance is obtained for the values of the apparent activation energy derived on the basis of experimental tests. 
Conclusions
The activation energy of a composite binder with three substitution rates of cement by ground granulated blast furnace slag or siliceous fly ash (30, 50 and 70 %) has been studied. The reference Portland cement has also been investigated. The single value of the apparent activation energy for each binder has been determined, and its correctness has been verified. Finally, the results of isothermal heat at different temperatures and semi-adiabatic heat were compared with use of equivalent age approach. The presented investigation on the activation energy and equivalent age concept can be summarized as follows:
• In case of ordinary Portland cement, the values of apparent activation energy remain substantially constant in the range of heat between 40 J g -1 and 140 J g -1 . In case of 30 % clinker replacement by slag or fly ash, the apparent activation energy curves are almost stable in a similar range 40 J g -1 and 120 J g -1 . In case of higher replacement rate (50 and 70 %) of clinker by slag, very short stable period is observed in the range of evolved heat 20-80 J g -1 (50 % of slag) and 20-50 J g -1 (70 % of slag). For 50 and 70 % fly ash content in the binder, there is no stable period and in the whole range of heat released the decreasing trend of the apparent activation energy is observed.
• The determined single values of the apparent activation energy give good compliance of measured and calculated heat evolution rate in all binders except for binders containing high amount of fly ash (50 and 70 %). In this case, the proper peak value of heat evolution rate is achieved, but curves of heat evolution rate do not match. The good compliance for high amount of fly ash has been obtained for the activation energy expressed as a function of evolved heat.
• The comparison of isothermal and semi-adiabatic heat of hydration with the use of equivalent age concept and different values of activation energy showed quite good compliance between measured and calculated curves.
What is interesting the differences in the hydration heat evolution are not significant despite assumed different values of the activation energy, except for the Schindler's proposal. Good agreement is also visible for the simple proposal [18] , which skips the activation energy and accounts only temperature influence.
• Generally, better agreement between experiments and simulation has been obtained for cement with slag than for fly ash cement, especially for cement with 50 % content of fly ash. Similarly, better agreement has been obtained in conversion of semi-adiabatic results to 20°C than isothermal at 50°C converted to 20°C. It can be probably explained by more complex effect of temperature on hydration process at higher temperature as 50°C since in the semi-adiabatic tests the curing temperature did not exceed 43°C in all reported studies. 
